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Abstract

Idarubicin (IDA) is an anthracycline used during treatment of acute myelogenous leukaemia (AML) and is clinically important because of
its potency and lipophilicity (compared to the related compounds daunorubicin and doxorubicin). These drugs target DNA topoisomerase I1
(topo II), a nuclear enzyme that regulates DNA topology. Topo II poisoning leads to the trapping of an intermediate in the enzyme’s cycle
termed the “cleavable complex.” This study aims to increase understanding of drug interactions by use of the “TARDIS’ (trapped in agarose
DNA immunostaining) assay to measure drug-induced topo II cleavable complexes in individual cells treated with anthracyclines.
Mammalian cells contain two isoforms of topo II (o and ) and the TARDIS assay enables visualisation of isoform-specific complexes.
Drug-treated cells were embedded in agarose, lysed and incubated with anti-topo II antibodies to microscopically detect topo Io or B
complexes. Results for K562 cells (at clinically relevant concentrations) showed that IDA and idarubicinol, its metabolite, formed mainly
topo Ila cleavable complexes, the level of which decreases at doses >1 uM for IDA. Our data suggest that this decrease is due to catalytic
inhibition by IDA at these doses. Doxorubicin formed low levels of topo IToe complexes and negligible topo IIf complexes. In cytotoxicity
studies, IDA and idarubicinol were equipotent, but both were more potent than daunorubicin and doxorubicin. We showed for the first time
that there was a persistent increase in levels of topo Ila cleavable complexes after removal of IDA, suggesting that its greater effectiveness
may be associated with both the longevity and high levels of these complexes. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

IDA is increasingly the anthracycline of choice for the
treatment of AML and it forms the basis of several world-
wide trials for induction therapy for AML [1]. Other
important chemotherapeutic agents in this family of drugs
include doxorubicin (DOX) (adriamycin, used in the treat-
ment of solid tumours) and daunorubicin (DAUN) (also
used in AML) (reviewed in [2]). There is much current
clinical interest in IDA, because of its increased potency
and lower cardiotoxicity. Additionally, its oral formulation
makes it ideally suited for ‘out-patient’ treatment of elderly
patients with poor prognosis, thus improving their quality
of life [3]. The major metabolite, idarubicinol (IDAol), is

“ Corresponding author. Tel.: +44-191-222-5251;
fax: +44-191-222-7424.

E-mail address: caroline.austin@ncl.ac.uk (C.A. Austin).

Abbreviations: AML, acute myeloid leukaemia; topo II, DNA topoi-
somerase II; IDA, idarubicin; IDAol, idarubicinol; DAUN, daunorubicin;
DOX, doxorubicin; ara-C, cytosine arabinoside.

unique in retaining the high activity of the parent com-
pound (reviewed in [4]) and the high level of cellular
accumulation may also contribute to its efficacy [5].
IDA can help overcome multidrug resistance, a phenom-
enon that provides a continuing clinical challenge. Cells
which are resistant to other anthracyclines retain sensitivity
to IDA, because the markedly high uptake in cells [6]. This
means that the rate of drug efflux by P-glycoprotein cannot
match the high rate of transmembrane transport [7,8].
Additionally, the high affinity of IDA for P-glycoprotein
may result in its slow efflux from the cell [9].

It is now accepted that a major target of these agents
is topo II (EC 5.99.1.3) [10], although other cytotoxic
mechanisms (e.g. formation of free oxygen radicals, inhi-
bition of DNA helicases, apoptosis and direct membrane
effects) have been ascribed (reviewed in [11]). Mammals
have two isoforms of topo II (o, 170 kDa and B, 180 kDa),
and both are able to modulate DNA topology (reviewed in
[12]). The anthracyclines inhibit topo II via the formation
of drug-stabilised topo II cleavable complexes [13]. During
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TARDIS (Trapped in AgaRose DNA ImmunoStaining) assay for
detection in vivo of topo II drug-stabilised cleavable complexes.
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Fig. 1. TARDIS method.

the normal catalytic cycle of the enzyme, cleavable com-
plexes are transient enzyme-bridged DNA double strand
breaks which allow topo II to untangle DNA and facilitate
cellular processes such as replication, transcription, recom-
bination and chromatin remodelling. Upon drug treatment
these complexes become stabilised, and cellular processing
changes the protein-bridged break into a permanent strand
break that ultimately leads to cell death (reviewed in [14]).

The aim of this study is to obtain further insights into
the mechanism of action of IDA. Many clinical trials have
demonstrated that IDA is preferable to DAUN (in terms
of event-free survival) when used in conjunction with
cytosine arabinoside (ara-C) for induction therapy for
AML [1,15,16]. Some information regarding the molecular
mechanisms of IDA is available, however one of the aspects
that remains unclear is the isoform specificity of this agent
in terms of cytotoxicity and cleavable complexes. We used
the TARDIS assay (Fig. 1 and [17]) to quantify topo II
cleavable complex formation and our results indicate that
topo Ila is the target of IDA. Studies on the murine topo

IIB~"~ knockout cell line (mtop2p-5) and a parental wild
type topo IIB " cell line (mTOP2p-4) confirmed that the
isoform is not the major cytotoxic target for IDA.

Growth inhibition assays demonstrated that IDA and
IDAol were more potent than DAUN and DOX in the human
leukaemia cell line K562, and this was paralleled by higher
levels of topo Ila cleavable complexes compared to DAUN
and DOX. Furthermore, IDA-induced complexes continued
to rise after removal of drug from the cell culture medium
and they remained for at least 48 hr. This persistence of
cleavable complexes may explain the clinical efficacy of
IDA.

2. Materials and methods
2.1. Cell culture

K562 is a cell line derived from a patient with chronic
myelogenous leukaemia, but its metabolism is similar to
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that of AML blasts [18] and therefore it is appropriate for
studying mechanisms of action of anthracyclines in AML.
K562 cells were maintained as a suspension culture in
RPMI 1640 medium supplemented with 10% foetal bovine
serum and penicillin (50 U/mL)/streptomycin (50 pg/mL).
The murine topo np=—'- embryonic fibroblast cell line
(mtop2B-5) and a wild-type topo IIB™T cell line
(mTOP2B-4) were a gift from J. Wang (Harvard University,
MS, USA) and were grown as monolayers in DMEM
supplemented with 10% foetal bovine serum and penicil-
lin/streptomycin [19,20]. All cell lines were maintained
at 37° (5% CO,) and were found to be consistently free
of mycoplasma contamination. Cell culture reagents were
obtained from Life Technologies.

2.2. Drugs

Solutions of drugs (I mM in water, stored as small
aliquots at —20°) were thawed immediately prior to use.
The ara-C, DAUN and DOX were purchased from Sigma.
IDA and IDAol were kindly provided by Pharmacia-
UpJohn (UK).

2.3. Antibodies

Anti-topo II polyclonal antibodies were raised in rabbits.
A total of 18511 was raised to recombinant human topo Ilo
and 18513 to a recombinant human topo IIf C-terminal
fragment. Western blots demonstrated that 18511 detected
the o isoform specifically and 18513 detected the 3 isoform
specifically [21]. In these assays, 18511(a) was used at
a 1:50 dilution and 18513(pB) at 1:200. The anti-rabbit
FITC-conjugated second antibody (F(ab’), fragment,
Sigma was used at 1:100 dilution).

2.4. Clonogenic assay

Murine topo IIB™" (mTOP2B-4) and topo IIp~~
(mtop2p-5) cells were seeded (3 x 10° per plate) into
9 cm plates. After 48 hr, drug was added for 2 hr and the
clonogenic assay was carried out as previously described
[22].

Table 1

2.5. Growth inhibition assay

Exponentially growing K562 cells (4 x 10°/mL in
six-well plates) were exposed to drug as described in
the figure legends. They were then centrifuged, washed
in PBS (0.14 M NaCl, 0.01 M phosphate, 0.002 M KCl)
and resuspended in fresh medium. After 5 days, cells were
counted by Trypan blue exclusion and the results expressed
as described previously [23] as a percentage inhibition of
growth compared to controls.

2.6. TARDIS assay

This has been described in detail previously [17] and is
summarised in Fig. 1.

2.7. Quantitative fluorescence microscopy and
image analysis

This has been described in detail previously [24]. The
system used was a Leica DMLB microscope (Optivision)
with Life Science Resources CCD digital camera and
Pixel software (Life Science Resources). Statistical ana-
lysis was carried out using Graphpad Prism software
(www.graphpad.com).

3. Results
3.1. Cytotoxicity studies

Table 1 shows the sensitivity of K562 cells to growth
inhibition after a 2 hr exposure to the anthracyclines. As
expected, IDA and IDAol were found to be the most potent,
with an 1csy value of 0.02 pM. Fig. 2 shows for the first
time the effect of anthracyclines on the survival of cells
lacking topo IIB. The icso values (Table 1) show the same
order of potency of these agents as for the growth inhibition
of K562 cells. There was no significant difference in
survival between the mTOP23-4 and mtop2f-5 cell lines
for any of these drugs, suggesting that topo IIf is not
required for the cytotoxicity of these agents.

The ics values for K562 (growth inhibition), mTOP2f-4 or mtop2f-5 cells (clonogenic survival) for several different agents tested in our laboratory, after a

2 hr exposure to drug

Compound 1ICs5, K562 human 1Cs0, topo IR+ 1Cs0, topo 1B~ Statistical significance
leukaemia cells (UM) (mTOP2B-4) (uM) (mtop2B-5) (UM)

Idarubicin 0.02 0.02 0.03 ns

Idarubicinol 0.02 0.02 0.02 ns

Daunorubicin 0.08 0.08 0.08 ns

Doxorubicin 0.2 0.36 0.28 ns

Etoposide nt 1.7 2.1 ns

Mitoxantrone nt 4.9 5.2 ns

mAMSA nt 0.06 0.08 s, P =0.0014

The 1c5 values of mTOP2B-4 and mtop2-5 cells were subjected to Student’s #-test to compare cell kill between parent cells and cells lacking topo IIf;
ns: not significant (at the 5% level), s: significant with corresponding P value, nt: not tested.
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Fig. 2. Clonogenic survival curves for mTOP2(-4 cells () and mtop2-5 cells (A) after a 2 hr exposure to (a) IDA; (b) IDAol; (c) DAUN; or (d) DOX.
Each point is the mean of at least three independent experiments with standard error bars shown.

3.2. Immunofluorescent staining of cleavable complexes
using the TARDIS assay

K562 cells were exposed to a range of concentrations of
IDA for 2 hr and the TARDIS assay ([17], summarised in
Fig. 1) was used to detect drug-stabilised topo Ila and B
cleavable complexes in individual cells from these cul-
tures. Fig. 3 shows five pairs of images typical of those seen
after staining with the 18511(a) antibody. Blue Hoechst-
staining shows the location of the DNA whilst the corre-
sponding green immunofluorescence was associated with
topo Ila cleavable complexes. There was no green immu-
nofluorescence associated with the DNA from untreated
cells, but there was a dose-dependent increase in immuno-
fluorescence in cells treated with 0.01, 0.1 or 1 pM IDA. At
10 uM IDA, however, the immunofluorescence decreased.

3.3. Quantification of immunofluorescent staining
of cleavable complexes

Fig. 4 shows cleavable complex levels (after quantifica-
tion) in K562 cells that had been treated with anthracyclines.
Fig. 4(a) shows data for topo Ila cleavable complexes in cells
that were treated with IDA. There was a significant differ-
ence from untreated controls at 0.1 uM (P = 0.0011, Stu-
dent’s #-test), and the levels reached a maximum at 1 pM. At
10 uM, the levels decreased, and were significantly lower
thanat 1 uM (P = 0.003) but not significantly different from
levels in the untreated control (P = 0.149). IDAol formed
similar levels of topo Ilo cleavable complexes to IDA, with a

maximum at 1 pM, but unlike IDA, at 10 uM levels were not
significantly different to those at 1 pM (P = 0.193, r-test).
By contrast, DOX (Fig. 4) and DAUN (data not shown)
showed low levels of cleavable complex formation.

Fig. 4(b) shows data for topo IIP. The #-test demon-
strated that there was no significant difference in topo II§
complex levels between control and drug-treated cells (for
all doses) for IDA, IDAol and DOX (or DAUN, data not
shown). We can exclude the possibility that this lack of topo
IIB complexes is because the TARDIS assay cannot detect
them, since previous data from our laboratory using these
antibodies [17,20] confirmed dose-dependent increases in
topo II complexes resulting from treatment with agents
such as etoposide and mAMSA.

This data indicates firstly that levels of DOX-induced
cleavable complexes are very low compared to those of
IDA, and, secondly that although IDA does form high
levels of cleavable complexes, these are mainly with topo
IIa and not topo IIP. It should be noted that IDA treatment
did not lead to the formation of detectable levels of DNA
topoisomerase I cleavable complexes (data not shown).

3.4. Cleavable complex stability

To investigate the longevity of topo Ila cleavable com-
plexes after removal of IDA, K562 cells were exposed to
0.1 or 1 uM IDA for 2 hr, and then incubated in drug-free
medium for various times before slide preparation. The
results (Fig. 5) showed that levels of complexes showed no
significant reduction (unlike results previously observed
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Fig. 3. Fluorescence of IDA-treated K562 cells. Cells were treated with
IDA for 2 hr (at concentrations shown) before embedding and staining
with 18511(a). Images on the left show the Hoechst-stained DNA (blue)
whereas those on the right show corresponding FITC-stained (green)

immunofluorescence. These images were captured under 10x objective
and are typical of those seen in replicate experiments.
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Fig. 4. Immunofluorescence levels in K562 cells after treatment with IDA
(#), IDAo] (@) or DOX (W¥). Cells were treated with 0, 0.01, 0.1, 1, or
10 pM drug for 2 hr, and then slides were prepared and stained with either
(a) 18511(x) or (b) 18513(B). These were processed and analysed as
described in the text. Plots show mean immunofluorescence values (with
standard error bars) from four independent experiments (IDA, IDAol) or
one experiment (DOX).

for etoposide [17]) rather, with increasing times after drug
removal, the level of cleavable complexes dramatically
increased.

Fig. 5 shows that after 5 hr incubation in drug-free
medium, there was a significant increase in the amount of
cleavable complexes (at the 1 pM dose, #-test, P = 0.012)
compared with the same dose at time zero. In addition,
increasing the length of time after drug removal signifi-
cantly increased the level of cleavable complexes compared
to time zero (at the 1 pM dose P = 0.0026 and 0.03 for
24 and 48 hr, respectively). Increasing the length of time
in drug-free medium to more than 24 hr did not further
increase or decrease the level of complexes (there was no
significant difference at 1 pM between 24 and 48 hr). For
the cells treated with 0.1 uM IDA, there was also an
increase in cleavable complexes after drug removal, peak-
ing at 48 hr. As expected, the level of cleavable complexes
did not change with time for untreated cells.

3.5. Catalytic inhibition by IDA
The reduction in topo Ilo cleavable complexes at 10 pM

(a concentration that resulted in a high level of cytotoxi-
city) seemed paradoxical. It has been previously reported
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Fig. 5. Increase in topo II cleavable complexes with time. K562 cells were treated with IDA (0 (), 0.1 (A) or 1 uM (W) for 2 hr, then slides were prepared
either immediately, or after drug was washed out and cells were replaced in fresh medium for 2, 5, 24, 48 or 72 hr. Slides were stained with 18511(a) and
processed using system I as described in the text. Plots show means (with standard error bars) for immunofluorescence values obtained from four independent

experiments.

that “catalytic inhibitors” of topo II (such as the bisdiox-
opiperazines, e.g. ICRF-193 [25]) prevent stabilisation of
cleavable complexes in cells exposed to topo II “poisons™
(such as etoposide). This is because catalytic inhibitors
block topo II from completing its reaction cycle. In the case
of ICRF-193, this is due to trapping the enzyme in the
closed clamp stage of the catalytic cycle [26], thereby
preventing topo II poisons from forming cleavable com-
plexes. In the case of aclarubicin (an anthracycline),
catalytic inhibition results from the intercalation of the
drug thus preventing topo II from binding to DNA [27]. In
order to test the hypothesis that IDA might be behaving as a
catalytic inhibitor at the higher dose, we used the estab-
lished method [25,27] of testing whether a proposed topo 11
inhibitor can reduce cleavable complex formation by a
topo II poison.

K562 cells were incubated with various concentrations
of IDA for 2 hr, then either (a) the drug was washed off and
cells placed in fresh medium containing 100 puM etoposide
(IDA > E) or (b) 100 uM etoposide was added to the
cells (without washing off IDA, IDA + E). In addition,
cells were incubated with etoposide alone (2 hr) or IDA
alone (for 2 or 4 hr—there was no significant difference).
Fig. 6 shows that incubating cells with 1 pM IDA prior
to etoposide treatment increased the level of etoposide-
induced topo Ila cleavable complexes (compared to
100 uM etoposide alone, although this increase was not
significant, P = 0.27, t-test). However, preincubation with
10 uM IDA significantly decreased the etoposide-induced

1000000+

750000- SN

500000+ Sg %

250000+ W

Integrated fluorescence

Fig. 6. Catalytic inhibition by IDA. K562 cells were treated with one of
the following drug sequences. Cells were incubated with either 1 or 10 pM
IDA for 2 hr, then IDA was washed off and cells were placed in fresh
media containing 100 pM etoposide for 2 hr (IDA > E). Alternatively,
cells were incubated with IDA for 2 hr, then etoposide was added
directly into that medium for 2 hr (IDA + E). Cells were also treated
with etoposide alone (2 hr, 100 pM) and IDA alone (2 hr, 1 and 10 uM)
for comparison. Slides were prepared and stained with 18511(a),
then processed using system I as described in the text. Results show the
mean from three to five independent experiments with standard error
bars.
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complexes (compared to etoposide alone, P = 0.032).
When cells were incubated with 1 uM IDA prior to and
concurrently with etoposide, there was no significant dif-
ference in levels of etoposide-induced cleavable complexes,
but preincubation with 10 uM IDA completely inhibited
complex formation (highly significant, P = 0.0004). These
results support the hypothesis that IDA is acting as a
catalytic inhibitor of topo Ila at the 10 ptM concentration.

4. Discussion

We have shown that in K562 and mouse embryonic
fibroblast cells IDAol retained the cytotoxicity of the
parent compound. These findings are consistent with those
of Gieseler et al. [28], and also Kuffel et al. [29], who
demonstrated that IDAol was equipotent to IDA in K562
cells, whereas other anthracycline C-13 metabolites (e.g.
daunorubicinol and doxorubicinol) were up to 100-fold
less potent than IDAol. Other data has shown IDA to be
more potent than IDAol (e.g. [30]), but these differences
may be cell line- and/or protocol-dependent.

In mammals, IDA is rapidly converted to its C-13-
dihydro metabolite (IDAol) in the liver by the enzyme
aldoketoreductase. The long half-life of IDAol (i.v. 63 hr,
oral 46 hr [31]) is thought to contribute to the effectiveness
of IDA in the clinic. The observation that both IDA and
IDAol were more potent than DAUN (4-fold) and DOX
(10-fold) is consistent with data from Binaschi er al. [32],
who showed IDA to be 10-fold more potent than DAUN
and 40-fold more potent than DOX in HL60 cells.

In order to determine the importance of topo IIf in
anthracycline-induced cytotoxicity, we used clonogenic
assays on topo I~ and topo IIp™" cell lines (derived
from the knockout mouse model [19]). This allows direct
comparison of the effect of topo IIf in mediating the
cytotoxic response to these agents. The absence of topo
IIB did not affect the sensitivity of the IDA, IDAol, DAUN
or DOX since there was no significant difference in 1cs
values between the mTOP2fB-4 and mtop2f-5 cell lines
for each of these agents. This shows that topo IIf is not
necessary for the cytotoxic effects of IDA, IDAol, DAUN
or DOX, supporting results from the TARDIS assay,
where there were little or no topo IIf cleavable complexes
detected. By contrast, previous work from our laboratory
using this model showed topo IIf is an important target for
acridines such as mAMSA, AMCA and mAMCA [20].
This illustrates the fact that responses of mammalian cells
to topo II poisons can fall into distinct groups with respect
to isoform specificity.

Our results suggest that topo Ilo is targeted by the
anthracyclines. This corroborates data obtained in a yeast
model system [33], where DOX produced higher levels of
cell killing in yeast expressing plasmid-borne human topo
Ilo than in those expressing human topo IIf. Additionally,
in similar experiments, yeast expressing human topo Il

were sensitive to IDA and DOX, showing that both agents
target topo Ilo [10]. The results in Fig. 4 showed that
cleavable complexes became detectable at 0.1 uM, a
highly cytotoxic concentration. It is possible that com-
plexes are relatively low in abundance, and thus higher
levels of IDA are required to detect complexes by this
immunological technique, similar to the ICE bioassay [34].
It is not possible to quantify levels of cytotoxicity as a
function of the number of complexes, since, for example,
low levels of complexes on a particularly sensitive
sequence of the genome could be highly cytotoxic. It is
now accepted that the main mechanism by which topo II-
targeting poisons exert their cytotoxicity is via formation
of drug-stabilised cleavable complexes, and the resulting
events which occur downstream of complex formation, e.g.
DNA strand breakage [35]. We have shown that IDA and
IDAol form higher levels of topo Ila drug-stabilised com-
plexes than DAUN and DOX, in parallel to the order of
potency of these agents.

It is clear that the sequence of DNA cleaved by topo II
(in the absence or presence of drugs) is a determinant for
cytotoxicity [36]. In addition to the level and location
of cleavable complexes, their stability is also likely to
be important for cytotoxicity. The longevity of cleavable
complexes after IDA treatment, and the increase in com-
plexes after drug removal (Fig. 5) is striking. There are
several possible explanations for this phenomenon. Firstly,
the DNA binding and affinity of IDA is higher compared to
DAUN and DOX. In patient CML blasts, DAUN dissoci-
ates from the DNA within 60 min whereas IDA does not
[28]. It is possible that IDA already bound to DNA may
continue to form new cleavable complexes even after
washing off unbound drug. Secondly, increased cellular
retention [31] may allow IDA to continue to fill new DNA
binding sites, thus allowing further interaction with topo II
and further complex formation. Additionally, IDA is less
susceptible to efflux via P-glycoprotein [37], and, even in
resistant cells not expressing P-glycoprotein, IDA retains
its cytotoxic potency more than DAUN.

Finally, other groups have studied protein-associated
DNA strand breaks detected by alkaline elution (i.e. result-
ing from drug-induced topo II cleavable complexes). An
increase in strand breaks after drug removal (analagous to
the data in Fig. 5) has been reported for DOX [38,39] and
the persistence of IDA-induced DNA breaks has been
demonstrated [32,40]. These data, together with our data
on IDA-induced complexes, demonstrate a property of
anthracyclines that is contrary to that seen with other topo
II drugs, i.e. the ability to induce persistent complexes that
continue to increase DNA damage after drug removal.

The decline in cleavable complex levels at higher con-
centrations (Fig. 5) of IDA is consistent with observations
on DNA strand breaks levels after IDA treatment (at
similar concentrations) in P388 leukaemia cells [41].
This was attributed to inhibition of topo II binding (and,
therefore catalytic activity) at higher doses of IDA, and it is
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possible that such high concentrations lead to perturbations
in transport of both IDA and etoposide. Other hypotheses
suggest that there may be a structural change in DNA
conformation [42] due to saturation of intercalator binding
at higher doses. It is interesting that data in Fig. 6 suggests
that IDA has a dual capacity as a poison and a catalytic
inhibitor, depending upon the concentration used, and this
has implications for the clinical administration of these
drugs. Also, the increase in etoposide-induced complexes
by preincubation with lower concentrations of IDA (Fig. 6)
implies that this schedule may be better than concurrent
incubation. Work is in progress to study the cytotoxic
effects of this and other schedules that include topo
II-targeting agents.

Significantly, several trials have demonstrated that IDA
is superior to DAUN when used in conjunction with
cytosine ara-C for induction therapy for AML [1,15,16].
We propose that the efficacy of IDA both in vitro and in
vivo is related to the longevity of IDA-induced topo II
cleavable complexes, and the potency of the metabolite,
IDAoL.
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